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TurbidityThree crown ether derivatives, 1,2-O-dioleoyl-3-O-{2-[(12-crown-4)methoxy]ethyl}-sn-glycerol (12C4L),
1,2-O-dioleoyl-3-O-{2-[(15-crown-5)methoxy]ethyl}-sn-glycerol (15C5L) and 2,3-naphtho-15-crown-5 (NAP5),
have been incorporated into 1-palmitoyl-2-oleoyl-phosphatydilcholine (POPC) liposomes. The size of the crown
ether and the lipophilicmoiety of 12C4L, 15C5L andNAP5 inﬂuence the stability and the properties of the extruded
POPC liposomes determined at 25 °C in buffered aqueous solution at pH 7.4. The investigated liposomes are
zwitterionic for POPC headgroups but can be turned into cationic aggregates in the presence of divalent cations.
The capability of these systems to complex DNA has been demonstrated by SAXS experiments.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Liposomes are supramolecular systems widely studied for drug
delivery [1], analytical chemistry [2] and biomaterial applications
[3]. They are formed by self-assembled phospholipid molecules and
show physical and mechanical properties mainly dependent on the
membrane composition and the charge of the lipid headgroup [4–7].
The formation of complexes between cationic liposomes and neg-
atively charged plasmid DNA [8–10] is particularly attractive for
non-viral gene therapy by considering the improvement of gene transfer
to cells induced by a liposomal vector [11]. Functionalized DNA-linked
liposomes have also been obtained [12,13].
Neutral liposomes are generally non-toxic and relatively stable in
serum, but less able to interact with DNA in comparison to cationic li-
posomes. However, the addition of divalent cations [14] to aqueous
mixtures of zwitterionic lipids and DNA leads to the formation of stable
triple complexes liposomes/DNA/M2+ which have been tested in some
transfection experiments in vivo [15]. We have recently investigated
the association between DNA and neutral liposomes promoted by diva-
lentmetal cations [16–19]. To the best of our knowledge only few studies
have been carried out so far in the ﬁeld of neutral liposomes as vectors of
genetic material [20].l rights reserved.The synthesis of neutral lipids linked to crown ethers able to coordi-
nate cations and form stable complexes with DNA could represent an
important strategy in gene therapy.
Chelating agents are a well known class of compounds with differ-
ent applications in biotechnology, such as immobilization of proteins
at membrane interfaces [21], molecular recognition studies [22] and
liposome targeting [23]. In particular, crown ether-based ionophores
have been developed to reproduce the ion transport through natural
membranes [24–27].
Crown ether-derivatives related to drug delivery and gene transfer
are limited to few reports: N-hexadecanoyl-2-aminomethyl-15-crown-5
has been synthesized to prepare cation sensitive niosomes [28];
new oligosaccharidic crown ethers have been evaluated as potential
drug-targeting vectors in vitro [29] and sugar-based crown ethers
have been recently synthesized and characterized [30,31]. Moreover,
some patents on a variety of crown ethers for biological applications
have also been registered [32,33].
The aim of the present work has been the investigation of the ef-
fects of the two synthesized crown ether lipids 12C4L and 15C5L
and the commercial crown ether derivative NAP5 (Fig. 1) on the
size, ﬂuidity and stability of liposomes from the natural zwitterionic
POPC at 25 °C in phosphate buffer solution (pH 7.4) in order to deter-
mine the efﬁciency of mixed liposomes as potential delivery systems.
The crown ether in the guest molecules could promote the interac-
tions of the bilayer with DNA, hence the capability of the investigated
liposomes to complex DNA in the presence of Ca2+ has been veriﬁed
by SAXS experiments.
Fig. 1. Structures of the investigated guests: 12C4L (A), 15C5L (B) and NAP5 (C).
2507G. Angelini et al. / Biochimica et Biophysica Acta 1828 (2013) 2506–25122. Experimental
2.1. Synthesis
The crown ether lipids 1,2-O-dioleoyl-3-O-{2-[(12-crown-4)
methoxy]ethyl}-sn-glycerol (12C4L) and 1,2-O-dioleoyl-3-O-{2-Scheme 1. i) NaH 60%, dry THF; ii) LiAlH4, dry THF, RT; iii) MsCl, Et3N, DCM; iv) NaH 6
temperature.[(15-crown-5)methoxy]ethyl}-sn-glycerol (15C5L) are character-
ized by a lipophilic portion where two oleic acid chains linked
to the glycerol moiety by means of ester bonds are present. The
hydrophilic part of the amphipathic lipid consists of the appropriate
crown ether connected to the glycerol diester by an oxyethylene linker.
The synthesis of previously introduced 12C4L [34] and the new crown
ether lipid 15C5L is described in Scheme 1. The starting material was
the 1,2-isopropyliden-3-O-sn-glicerol 1 that presents a stereocenter
with the same conﬁguration of the natural lipids. Reaction of 1 with
ethyl bromoacetate in the presence of NaH yielded the ester 3 and
the following reduction with LiAlH4 enabled the introduction of the
oxyethylene linker. The obtained hydroxyl function in 4wasmesylated
to yield 5 and the nucleophilic displacement of the mesylate by the
appropriate 2-hydroxymethyl-crowns 6a and 6b gave the crown ether
derivatives 7a and 7b. After removal of the isopropylidene protecting
group with pTsOH in MeOH the diols 8a and 8bwere esteriﬁed with 2
equivalents of oleic acid in the presence of DCC and DMAP to yield
12C4L and 15C5L.
The synthetic details for the preparation and the characterization
of 12C4L and 15C5L are available in the Supplementary materials.2.2. Materials
POPC (1-palmitoyl-2-oleoylphosphatidylcholine) and NBD-PC
(1-acyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]lauroyl}-0%, dry THF; v) p-TsOH, MeOH; vi) Oleic acid, DCC, DMAP, DCM, overnight at room
2508 G. Angelini et al. / Biochimica et Biophysica Acta 1828 (2013) 2506–2512phosphatidylcholine) were purchased from Avanti Polar Lipids
(Alabaster, AL). NAP5, DPH (1,6-diphenyl-1,3,5-hexatriene), Triton
X-100, 5(6)-carboxyﬂuorescein (95% purity), calcium chloride, DNA
from calf thymus, all materials and reagents for the synthesis of 12C4L
and 15C5L were obtained from Sigma-Aldrich. All solvents were analyt-
ically pure and dried before use. The synthesis was performed under
argon. TLC was carried out on aluminum sheets precoated with silica
gel 60 F254 (Merck). Column chromatography was performed using
silica gel 60 (230–400 mesh).
2.3. Instruments
The 1H and 13C NMR of 12C4L and 15C5L spectra were recorded at
400 and 100 MHz, respectively, on a Varian Gemini 400 spectrometer,
using CDCl3 as the solvent. Chemical shifts (δ) are reported in ppm rel-
ative to TMS and coupling constants (J) in Hz. Mass spectra (MS) were
obtained by electron impact on a Hewlett-Packard spectrometer 5890,
series II.
The Dynamic Laser Light Scattering data were extrapolated by
using the Stokes–Einstein relationship for the calculation of the
hydrodynamic radius with a Brookhaven (90PLUS BI-MAS) digital corre-
lator at a scattering angle of 90°, equippedwith a 35 mWHe–Ne laser at
the wavelength of 660 nm.
The kinetic measurements were performed by using a Jasco
FP-6200 spectroﬂuorimeter and a BioLogic SFM-300 stopped-ﬂow
spectroﬂuorimeter for the Triton X-100 concentrations in the range
of 0–6.4 × 10−5 M and 7.0–12 × 10−5 M, respectively.
The turbidimetric determination of the liposomes–micelles transi-
tion was carried out by a Cary-100 Bio Varian spectrophotometer.
The osmolarity of each liposomal samples has been checked by
using a microosmometer model 3300 (Advanced Instruments Inc.,
Norwood, MA, US).
XRDmeasurements were carried out at the high brilliance beamline
ID02 of the European Synchrotron Radiation Facility (Grenoble, France).
The energy of the incident beamwas 12.5 keV (λ = 0.995 Å), the beam
size was 100 × 100 μm2 and the sample-to-detector distance was
1.2 m. The 2D diffraction patterns were collected by a CCD detector.
We investigated the small angle q range from qmin = 0.1 nm−1 to
qmax = 4 nm−1 with a resolution of 5 × 10−3 nm−1. The samples were
held in a 1-mm-sized glass capillary. To avoid radiation damage, each
sample was exposed to radiation for 3 s/frame.
2.4. Preparation of liposomes
An aliquot of a POPC 13 × 10−3 M chloroform solution was mixed
with the proper amount of 12C4L 14.2 × 10−3 M, 15C5L 12.7 × 10−3 M
or NAP5 15 × 10−3 M chloroform solution to obtain 86/14 and 75/25
POPC/guest molar ratios. The solvent was removed by evaporation
under vacuum to form a dry ﬁlm kept at 4 °C overnight. The ﬁlm was
then hydrated under stirring for 20 min by using a phosphate buffer so-
lution (pH 7.4 and 578 mOsm).
The resulting multilamellar vesicle dispersion was extruded ﬁve
times at room temperature through a polycarbonate ﬁlter (Whatman,
pore size 200 nm) mounted in an extruder from Lipex Biomembranes
(Vancouver BC, Canada) and ﬁltered through a Sephadex G-50 column.
The ﬁnal lipid concentration was 7.55 × 10−3 M.
2.5. Dynamic Laser Light Scattering
The mean diameters of the extruded liposomes were determined
after dilution to the ﬁnal lipid concentration of 5 × 10−4 M. Average
of ﬁve autocorrelations, each collected over 3 min, were converted to
Gaussian distributions from which mean diameters and standard de-
viations derived using software supplied by the manufacturer. Poly-
dispersity Index was also noted.2.6. Steady-state ﬂuorescence anisotropy
The ﬁlms of POPC–12C4L and POPC–15C5L were prepared by
mixing 1 mL of POPC 13 × 10−3 M with the proper amount of 12C4L
or 15C5L in the presence of 10 μL of a 1.3 × 10−3 M DPH or NBD-PC
chloroform solution. After evaporation of CHCl3 theﬁlmswere hydrated
with phosphate buffer, extruded and ﬁltered as described above. The
ﬁnal liposome suspensions were then diluted to achieve homogeneous
solutions of 2.6 × 10−3 M POPC, 0.42 × 10−3 M 12C4L or 15C5L and
2.6 × 10−6 M probe for the 86/14 liposomes and 2.6 × 10−3 M POPC,
0.87 × 10−3 M 12C4L or 15C5L and 2.6 × 10−6 M probe for the 75/25
liposomes. The excitation and emission wavelengths were 360 and
430 nm for DPH; 460 and 534 nm for NBD-PC. The ﬂuorescence anisot-
ropy for the POPC–NAP5 liposomeswasmeasured by usingNAP5 as the
probe due to its planar structure: 270 and 330 were used as the excita-
tion and emission wavelengths, respectively.
In the preparation of liposomes the lipid/probe molar ratio was
kept constant to 1000/1 to avoid the formation of dimers into the
phospholipid bilayer as well as to reduce the effect of the probe on
the liposome size. The steady-state ﬂuorescence anisotropy, r, was
calculated according to Eq. (1):
r ¼ IVV−G IVH
IVV þ 2G IVH
ð1Þ
where IVV and IVH are the parallel and perpendicular polarized ﬂuores-
cence intensities, respectively, measured with the vertically polarized
excitation light, IHV and IHH are the same ﬂuorescence intensities mea-
suredwith the horizontally polarized excitation light and G is themono-
chromator correction factor given by the ratio IHV/IHH.
2.7. Determination of liposome stability
The ﬁlms of POPC–12C4L, POPC–15C5L and POPC–NAP5 were hy-
drated with 1 mL of a 50 mM buffered 5(6)-carboxyﬂuorescein (CF)
solution under stirring for 20 min. The obtained suspensionwas extrud-
ed and run through a Sephadex G-50 column to remove the unloaded
dye and diluted to achieve a homogeneous solution of CF entrapped
1.3 × 10−5 M liposomes.
The stability of the obtained liposomes was evaluated
spectroﬂuorimetrically at 25.0 ± 0.1 °C by following the increase in
ﬂuorescence at 516 nm (using 490 nm as the excitation wavelength)
due to the de-quenching of CF after release from the liposomes in the
presence and in the absence of Triton X-100 as the destabilizing agent.
2.8. Turbidity proﬁles determination
The extruded liposomal solutions of POPC–12C4L, POPC–15C5L
and POPC–NAP5 were diluted with phosphate buffer to achieve a
ﬁnal lipid concentration of 1.5 × 10−4, 2 × 10−4 and 3 × 10−4 M.
Triton X-100 was added directly into the cuvettes containing 2 mL
of each liposomal system from concentrated aqueous stock solution.
After 3 h the turbidity of the resulting liposome/surfactant solutions
was determined by measuring the absorbance at 300 nm.
2.9. Preparation of the samples for SAXS experiments
Highly polymerizedDNAwas sonicated to induceDNA fragmentation:
the ﬁnal length distribution, detected by gel electrophoresis, varied be-
tween 500 and 2000 bp.
The POPC–guest lipid/DNA/Ca2+ complexes were obtained by
mixing the multilamellar liposomal suspension with buffer solution
of calcium chloride (444 mM) and DNA (24 mM). The samples were
incubated at 4 °C for 24 h. The best molar ratio lipid/DNA/Ca2+ for
the complex formation was 2/1/10.
Table 2
Anisotropy value r for the investigated liposomes.
Liposomal systema Anisotropy value (r)
POPC–DPHb 0.08 ± 0.001
POPC–NBE-PCb 0.20 ± 0.01
POPC–12C4L 86/14 + DPH 0.10 ± 0.002
POPC–12C4L 86/14 + NBE-PC 0.19 ± 0.01
POPC–12C4L 75/25 + DPH 0.09 ± 0.002
POPC–12C4L 75/25 + NBE-PC 0.18 ± 0.01
POPC–15C5L 86/14 + DPH 0.07 ± 0.001
POPC–15C5L 86/14 + NBE-PC 0.18 ± 0.01
POPC–15C5L 75/25 + DPH 0.06 ± 0.002
POPC–15C5L 75/25 + NBE-PC 0.16 ± 0.01
POPC–NAP5 0.09 ± 0.001
a The lipid/probe ratio corresponds to 1000/1.
b Referring values previously determined [36].
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Mixed liposomes of POPC–12C4L, POPC–15C5L and POPC–NAP5 in
the molar ratios 86/14 and 75/25 were prepared as described in the
Experimental section.
Dynamic Laser Light Scattering measurements after the extrusion
show that the incorporation of the guests tends to decrease the mean
diameter of POPC liposomes, second to the concentration of 12C4L,
15C5L and NAP5 into the bilayer (Table 1). It has been previously ob-
served that the presence of a guest inﬂuences the size of POPC lipo-
somes by changing the curvature of the phospholipid membrane
[35,36]. Moreover, the liposome size remains constant after 24 h
from the preparation. Since ion complexation of crown ethers in
water is a dynamic process by which cations are rapidly complexed
and released in solution [26] we can assume that the interactions be-
tween ions and crown ether onto liposomal surface occur. Probably
weak coordination takes place by considering the high hydration de-
gree of the cations in aqueous solution [28,37].
The ﬂuorescence anisotropy r of the investigated liposomes has
been measured to establish in which region of the POPC bilayer
12C4L, 15C5L and NAP5 tend to be located. DPH and NBD-PC have
been chosen as ﬂuorescent probes [38,39]: the former is a rigid, linear,
lipophilic ﬂuorophore, able to insert spontaneously into the hydropho-
bic acyl chain region of the membrane, while the latter, consisting of
a ﬂuorophore attached to a phospholipid headgroup, is located prefer-
entially in the rigid region of the liposomal membrane, closer to the
headgroups. Since r is directly related to the ﬂuidity of the bilayer,
DPH and NBD-PC are associated to low and high values of anisotropy,
respectively.
The insertion of 15C5L and 12C4L between the phospholipids pre-
serves the ﬂuidity of the POPC bilayer, as demonstrated by the similar
r values obtained for each system and reported in Table 2.
The anisotropy measured by using NAP5 as the probe is the same
obtained by using DPH: the high hydrophobicity of NAP5 makes the
guest able to insert deeply into the bilayer, in a microenvironment
of low polarity, acting as DPH.
The stability of the investigated liposomes has been evaluated in
buffer solution at 25 °C by monitoring the increase of ﬂuorescence
emission due to the release of CF entrapped into the liposomes at
the auto-quenching concentration.
The leakage of CF from the liposomes may occur spontaneously,
owing to the presence of pores and defects in the bilayer [40].
The rate of release of CF from liposomes depends on the molar
concentration of Triton X-100 added as the destabilizing agent [41,42].
The pseudo-ﬁrst order kinetic rate constants (kobs) obtained for the
POPC–12C4L, POPC–15C5L and POPC–NAP5 liposomes in the absence
and in the presence of increasing concentration of Triton X-100
[43–45] are reported in the Supplementary materials.
Plotting the kobs versus the concentration of Triton X-100 the ki-
netic proﬁle of each liposomal system can be obtained. The kinetic
proﬁle of 86/14 mixed liposomes is shown in Fig. 2 as an example.
The leakage of CF from liposomes is completed in about 24 h for a
Triton X-100 concentration in the range of 2.4–6.4 × 10−5 M. TheTable 1
Dynamic Laser Light Scattering data for the investigated liposomes.
Liposomal system Mean diameter (nm) Mean diameter (nm)
After 24 h
POPC 203 ± 1 (0.21 ± 0.01) 202 ± 1 (0.27 ± 0.01)
POPC–12C4L 86/14 185 ± 1 (0.18 ± 0.01) 179 ± 1 (0.13 ± 0.01)
POPC–12C4L 75/25 176 ± 1 (0.12 ± 0.02) 172 ± 2 (0.18 ± 0.01)
POPC–15C5L 86/14 186 ± 1 (0.10 ± 0.03) 183 ± 1 (0.12 ± 0.02)
POPC–15C5L 75/25 176 ± 1 (0.10 ± 0.02) 172 ± 1 (0.13 ± 0.01)
POPC–NAP5 86/14 188 ± 1 (0.14 ± 0.01) 189 ± 1 (0.08 ± 0.02)
POPC–NAP5 75/25 182 ± 1 (0.09 ± 0.02) 185 ± 1 (0.08 ± 0.02)
Polydispersity Index is reported in brackets.POPC–15C5L systems show higher kobs than POPC–12C4L and POPC–
NAP5. In particular the destabilizing effect of the surfactant is stron-
ger for the 75/25 than for the 86/14 systems.
The 15C5L molecule might interact more easily with Triton X-100
than 12C4L because of the larger crown ether headgroup that pro-
motes the contact between the surfactant and the bilayer [46] and
is exposed to the liposomal surface more than in NAP5 molecule.
The leakage of CF from liposomes is faster and is completed in very
short times (10−2–10−1 s) for a Triton X-100 concentration in the
range of 7.0–12.0 × 10−5 M.
The highest values of kobs are associated to POPC–15C5L and
POPC–12C4L systems in the molar ratio 75/25. In the case of POPC–
NAP5 liposomes the kobs obtained for the 86/14 and 75/25 systems are
similar and seem not to be affected by the Triton X-100 concentration.
This behavior could be explained by considering that 15C5L and
12C4L are characterized by the same long acyl chains, while a naph-
thalene unit is bounded to the crown ether in the NAP5 molecule,
so the 15C5L and 12C4L guests are able to insert between the POPC
molecules without modifying the ﬂuidity of the bilayer, as pointed out
by the anisotropy measurements: the interactions with Triton X-100
gradually lead to the saturation of the liposomal membrane and the
formation of mixed aggregates until the liposome solubilization. On
the contrary, NAP5 tends to reach the inner part of the POPCmembrane
and its planar structure changes the order among the phospholipids so
that even at the Triton X-100 concentration of 7.0 × 10−5 M the break-
downof the lamellar structures occurs and the complete transition from
liposomes to micelles takes place.
The thermodynamic solubilization of liposomes via formation of
mixed micelles can be described by the three stage model [47,48]:Fig. 2. Kinetic proﬁles for POPC–15C5L (●), POPC–12C4L (○) and POPC–NAP5 (▲) in
the lipid/guest molar ratio 86/14. The lines were drawn as a visual guide.
Fig. 4. Phase diagrams of the POPC–15C5L (86/14)/Triton X-100 system.
2510 G. Angelini et al. / Biochimica et Biophysica Acta 1828 (2013) 2506–2512the ﬁrst stage is the saturation of the membrane by the insertion of
the surfactant; the second stage is the breakdown of the bilayer and
the formation of mixed aggregates by which liposomes and micelles
coexist in the solution; ﬁnally, the third stage is the total solubiliza-
tion of the bilayers and the presence of mixed micelles. The turbidity
of the liposome solution increases until the saturation of the mem-
brane is reached, due to the increase of the vesicle size, then gradually
decreases second to the surfactant concentration. The achievement of
the third stage is pointed out by the lack of turbidity of the liposomal
solution [49]. The turbidity proﬁle of the POPC–12C4L, POPC–15C5L
and POPC–NAP5 systems in the presence of different Triton X-100
concentrations has been obtained at 25 °C under equilibrium condi-
tion by monitoring the decrease of absorbance of the liposome solu-
tion at 300 nm. The turbidity proﬁle of POPC–15C5L liposomes in
the molar ratio 86/14 is reported in Fig. 3 as an example.
Two parameters can be obtained by the turbidity proﬁle: RSAT,
corresponding to the surfactant/lipid concentration ratio at the
saturation of bilayer, and RSOL, corresponding to the surfactant/lipid
concentration ratio at the complete solubilization of the liposomes
into mixed micelles.
From the RSAT and RSOL values it is possible to get the effective
surfactant concentration at the bilayer saturation (ReSAT) and the lipo-
some solubilization (ReSOL).
Since [S]T = [S]W + [S]B and [S]B = RSAT [L] where [S]T is the total
surfactant concentration, [S]W is the aqueous surfactant concentra-
tion, [S]B is the surfactant bound to the bilayer to achieve the satura-
tion of the bilayer and [L] is the total lipid concentration, a plot of [S]T
against [L] should give a straight line with a slope, [S]B/[L] = ReSAT,
that is the effective surfactant/lipid ratio and an intercept, [S]W that
is the aqueous surfactant concentration [50].
At complete solubilization of the liposomal bilayer the effective
surfactant/lipid ratio in mixedmicelles, ReSOL, and the aqueous surfac-
tant concentration, [S]W, can be obtained from an analogous plot. The
combination of the two straight lines leads to the phase diagram of
the investigated liposomes. In Fig. 4 the phase diagram of POPC–15C5L/
Triton X-100 for the liposomal system 86/14 is reported as an example.
In region I lamellar structures exist. In region II lamellar structures
and mixed micelles are in equilibrium. In region III only mixed mi-
celles exist.
The obtained ReSAT and ReSOL are reported in Table 3.
The ReSAT and ReSOL in the presence of 12C4L, 15C5L and NAP5 in-
crease in comparison to previously investigated pure and mixed POPC
liposomes [45,51], so that higher Triton X-100 concentration is needed
to induce the liposomes–micelles transition.
Finally, SAXS experiments were performed to determine the effect
of crown ether lipids on the phase behavior of POPC membranes in
excess of water and verify the capability of DNA complexation by
POPC–12C4L and POPC–15C5L in the presence of Ca2+.Fig. 3. Turbidity proﬁle of POPC–15C5L liposomes (86/14) upon addition of Triton
X-100. The ﬁnal lipid concentrations are 3.0 × 10−4 M (●); 2.0 × 10−4 M (▵) and
1.5 × 10−4 M (■). The lines were drawn as a visual guide.It is well known [52] that POPC-lipid multilamellar vesicles are in
the liquid-crystalline phase (Lα) at 20 °C. The dependence of lamellar
spacing (d) of the binary mixture POPC–12C4L and POPC–15C5L as a
function of guest lipid concentrations was investigated by SAXS.
The interlamellar repeat spacing d obtained for XL = 0 is 6.49 nm
(where XL is the guest lipid molar fraction), a value in agreement
with the POPC pure system [53]. In Fig. 5 the d-spacing of POPC–
guest lipid MLV at 20 °C gradually increases as a function of 12C4L
from 6.49 to 6.66 nm, while the insertion of 15C5L inside the bilayer
induces a larger increase in d-spacing from 6.49 to 6.89 nm. The differ-
ent behavior between the two systems containing 12C4L or 15C5L could
depend on a different polar head hydration; the more hydrated polar
head of 15C5L and the consequent increase in steric hindrance could
induce differences in the bilayer spacing. Moreover, the addition of
the guest does not affect themesomorphic behavior of POPC liposomes,
maintaining the footprint of the Lα structure for all the concentration
values.
The X-ray patterns of POPC–12C4L/DNA/Ca2+ and POPC–15C5L/
DNA/Ca2+ in the molar ratio 2/1/10 are reported in Fig. 6(A) and (B).
The addition ofDNA andmetal cations to themixed liposomes produces
signiﬁcant changes in the structures. In both cases the data show the co-
existence of two distinct liquid-crystalline multilamellar phases. Two
sets of Bragg reﬂections correspond to a multilayer Lcα phase in which
the lamellar periodicity d1c is associated with the complexed structure
consisting of smectic-like arrays of stacked bilayers with intercalated
DNA monolayers and to a multilayer Lα phase in which d2 is associated
with uncomplexed structures [20].
In the POPC–12C4L/DNA/Ca2+ system on varying the concentra-
tion of guest a slight increase in d1c (from 7.60 to 7.69 nm) is observed
while the value d2 ≈ 5.90 nm remains constant (Fig. 7). However, an
appreciable decrease with respect to the value of the layer spacing
measured in the POPC–guest liposomes has been observed. A similar
decrease in the layer was previously reported in zwitterionic lipo-
somes under similar experimental conditions [54] and is indicative
of an appreciable inﬂuence of the metal cation on the lamellar struc-
ture of the liposomes. As previously reported, the Ca2+ ions induce aTable 3
ReSAT and ReSOL values for the investigated liposomes.
Liposomal system ReSAT ReSOL
POPC–12C4L 86-14 1.29 2.79
POPC–12C4L 75-25 1.04 2.54
POPC–15C5L 86-14 1.25 2.54
POPC–15C5L 75-25 1.04 2.54
POPC–NAP5 86-14 1.46 3.07
POPC–NAP5 75-25 1.79 2.79
Fig. 5. The lamellar repeat distance of the Lα phase of mixed liposomes as a function of
12C4L (■) and 15C5L (●) molar fraction (XL). The lines are drawn as a visual guide.
Fig. 7. Unit cell spacing d1c (complexed phase) and d2 (uncomplexed phase) for
POPC–12C4L/DNA/Ca2+ and POPC–15C5L/DNA/Ca2+.
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removal coordinated water at the lipid headgroup [55,56].
In the POPC–15C5L/DNA/Ca2+ system d1c increases from 7.60 to
7.96 nm and d2 changes from 5.90 to 6.90 nm as a function of X15C5L
(Fig. 7). In this case, a decrease in the thickness of the bilayer was not
observed probably because the 15C5Lmolecule possesses a higher com-
plexation constant than 12C4L due to the size of the corresponding
crown ether and the effect of the salt is less evident. In all cases the ca-
pability of mixed liposomes to form complexes with DNA is conﬁrmed,
in particular the addition of the 15C5L guest improves the formation of
the complexed phasewith respect to the uncomplexed one, as shown in
Fig. 6(B).
4. Conclusion
Liposomes formed by the natural POPC and the 12C4L, 15C5L and
NAP5 molecules can be obtained. The curvature of the POPC bilayerFig. 6. SAXS patterns of POPC–12C4L/DNA/Ca2+ complexes (A) and POPC–15C5L/DNA/Ca2+
to reach a ﬁnal molar ratio lipid/DNA/Ca2+ equal to 2/1/10.increases in the presence of the guests and the size of the extruded li-
posomes remains constant for at least 24 h from preparation. Kinetic
and turbidity proﬁles observed in the presence of Triton X-100 have
shown that the ether [15]-crown-5 in the NAP5 and in the 15C5L
molecules tends to interact with Triton X-100 at low surfactant concen-
tration, on the other hand the lipophilic tails of 15C5L and 12C4L can in-
sert between the phospholipid molecules promoting the destabilizing
effect of Triton X-100 at high surfactant concentrations.
The mixed liposomes presented herein are able to complex DNA
in the presence of Ca2+ and could provide a basis for designing and
employing new systems as DNA carriers.
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